The genus Belostoma, known colloquially as "giant water bugs, " presents striking cytogenetic diversity and extensive chromosome variability. Notwithstanding, its karyotype evolution is not well understood. We analyzed 8 species of Belostoma (77 samples). The meiotic analysis revealed 2n = 14 + XY for Belostoma horvathi and Belostoma candidulum; 2n = 22 + XY for Belostoma cummings; 2n = 26 + X 1 X 2 Y for Belostoma dentatum, Belostoma elongatum, and Belostoma discretum; and 2n = 26 + X 1 X 2 X 3 Y for Belostoma testacopallidum and Belostoma dilatatum. All species showed holokinetic chromosomes. Based on heterochromatin distribution patterns and 18S rDNA, the species of the genus Belostoma were separated into four groups. The analysis of C 0 t-1 DNA showed that the repetitive DNA, partly composed of microsatellite DNA, was absent on the Y chromosome. Fluorescent in situ hybridization (FISH) using a microdissected X chromosome in species with simple sex system presents uniform hybridization in the nuclear region corresponding to the X chromosome. Species with multiple systems revealed discrete markings. The present data in conjunction with the existing literature led us to propose a new evolutionary hypothesis for the group, with an ancestral karyotype with a low diploid number, simple sex determination system, and nucleolus organizer regions (NORs) on the sex chromosomes. That karyotype would have originated other karyotypes through agmatoploidy, simploidy, heterochromatinization, and movement of the 18S rDNA.
The family Belostomatidae, Leach, 1815, comprises the largest heteropterans with aquatic and predatory habits (Saha et al. 2010) . These animals are unique models for the study of the meiotic behavior of both autosomes and sex chromosomes. Their representatives have holokinetic chromosomes (organisms with dispersed centromeres) and different systems of sex determination (Bardella et al. 2012; Chirino et al. 2013) . In this group, the meiotic behavior of autosomes and sex chromosomes (Papeschi and Bressa 2006 ) is different. The sex chromosomes are achiasmatic (Ueshima 1979 ) and behave like univalent at meiosis I, dividing equationally in anaphase I, and associate end-to-end in meiosis II, undergoing a touch-and-go pairing (Papeschi and Bressa 2006; Bardella et al. 2012) .
Only 17 species of the genus Belostoma Latreille, 1807 have cytogenetic analysis (Table 1) . Nevertheless, most of the available data cover solely the description of the chromosome number and karyotype formula (Chirino et al. 2013) . The modal diploid number is 2n = 26 + X 1 X 2 Y, and there were variations both in the number of autosomes and sex determination systems (Papeschi and Bressa 2006) . Seven species possessed data on the 18S ribosomal DNA (18S rDNA) location, exhibiting clusters on both sex chromosomes and autosomes (Papeschi and Bressa 2006; Chirino et al. 2013) . These rDNA clusters are excellent chromosomal markers in molecular cytogenetics. They are highly relevant to studies of the evolutionary process of species formation, to investigations in individuals with supernumerary and sex chromosomes, and useful for the identification of chromosomal rearrangements and karyotype evolution (Cabral-De-Mello et al. 2010) .
Although there is a large number of species in the genus Belostoma, studies on the chromosomal evolution of the group are scanty. The different sex determination systems are one of the most interesting features within that genus. Thus, some hypotheses have been raised to elucidate these questions. Chirino et al. (2013) compiled the cytogenetic data of all species and suggested the formation of 2 groups, according to the location of 18S rDNA sites. From the ancestral karyotype (2n = 26 + XY) one group may have undergone agmatoploidy, whereby the X chromosome experienced fragmentations forming the karyotype formulae with multiple sex determination systems (X 1 X 1 X 2 X 2 /X 1 X 2 Y and X 1 X 1 X 2 X 2 X 3 X 3 /X 1 X 2 X 3 Y). The other group may have experienced successive simploidy events between sex chromosomes and autosomes forming the karyotypes with low diploid number.
Faced with the great chromosomal diversity in the genus Belostoma, and especially the problems involving its karyotype evolution, we performed cytomolecular analyses on 8 species of this genus collected from different locations in Brazil, attempting to understand the mechanisms involved in the karyotype evolution of the group, especially those related to the sex chromosome systems. In this article, we propose a new hypothesis of karyotype evolution for the genus based on different cytogenetic markers. Papeschi (1988) , Papeschi (1991) , Papeschi and Bidau (1985) , Bressa (2006) Belostoma elongatum (Montandon, 1908) 26 + X 1 X 2 Y A a Papeschi and Bressa (2006) , Chirino et al. (2013) , Present study Belostoma gestroi (Montandon, 1903) 26 + X 1 X 2 Y A a Papeschi and Bressa (2006) , Chirino et al. (2013 ) Belostoma horvathi (Montandon, 1903 14 + XY S a Present study Belostoma martini (Montandon, 1899) 26 + X 1 X 2 Y -Papeschi (1991) Belostoma micantulum (Stål, 1860) 14 + XY S a Papeschi (1988) , Papeschi and Bressa (2006) 
Materials and Methods

Samples and Chromosome Preparations
We captured the species of the genus Belostoma at different locations in the states of São Paulo, Paraná, and Mato Grosso do Sul (Table 2) . The collected samples were identified and deposited in the entomological collection of Universidade Federal do Pampa (UNIPAMPA). The testes were dissected and fixed in a solution of methanol and acetic acid (3:1, v:v) and immediately stored in a freezer at −20 °C. For the preparation of slides, the material was incubated in 60% acetic acid for approximately 20 min and submitted to the squash technique under a cover slip. After removal of the cover slip by freezing in liquid nitrogen, the slides were thoroughly air-dried. Subsequently, the slides were stained with Giemsa 4% for conventional analysis.
C-banding and Fluorochromes
We analyzed the heterochromatin distribution pattern by Giemsa C-banding (Sumner 1972) . The GC-and AT-rich bands were detected with chromomycin A 3 (CMA 3 ) and 4′-6-diamino-2-phenylindole (DAPI), respectively (Schweizer et al. 1983 ).
Microdissection and Amplification of X Chromosomes
We microdissected X chromosomes of Belostoma horvathi. They were chosen because they present the XX/XY sex system, which allows the identification of the X chromosome for correct isolation. After amplification, we used the X chromosome rDNA probes for in situ hybridization in the species of origin, to confirm the correct microdissection, and in other species to compare the similarity of the X chromosomes in different systems and to make a comparative analysis of other chromosomes. We collected 10 X chromosomes. For the microdissection procedures, we used an inverted microscope (Olympus ® IX71), equipped with a mechanical microdissector (Narishige ® ONE-3). Glass capillary needles were prepared using a Narishige ® PC-10 micropipette puller with a tip diameter of about 0.7 μm. Amplification and labeling of the isolated chromosomes were performed using the kits WGA 4 (Genomeplex ® Single Cell Whole Genome Amplification Kit) and WGA 3 (Genomeplex ® Whole Genome Amplification Reamplification Kit). We used NanoDrop™ for DNA quantification and agarose gel electrophoresis for DNA quality analysis.
DNA Extraction and Characterization of 18S rDNA
We extracted the DNA used for the isolation and characterization of 18S rDNA from muscle tissues of B. horvathi. DNA extraction was performed according to the phenol/chloroform method. For the amplification of 18S rDNA, we used the 18S forward primers 5′-CCTGAGAAACGGCTACCACATC-3′ and 18S Reverse primers 5′-GAGTCTCG TTCGTTATCGGA-3′ (Whiting et al. 2002) . The polymerase chain reaction (PCR) was performed in a final volume of 25 µL with 100 ng of DNA, 1 µL of each primer (100 mM) and 12.5 µL of Go Taq ® Green Master Mix (Promega). The PCR product was cloned with pGEM ® -T kit and pGEM ® -T Easy Vector Systems (Promega) with competent Escherichia coli TOP 10 line. The clones obtained were sequenced on an automatic sequencer (ABI 3500 XL Applied Biosystems). Cleaning DNA sequences, establishing the quality of the sequence data, and building contigs was performed by Phred-PhrapConsed software. The consensus sequence was compared to other sequences deposited in the GenBank database using the BLAST tool (http://www.ncbi.nlm.nih.gov/blast).
Isolation of Highly and Moderately Repetitive DNA: DNA Fraction C 0 t-1
We accomplished denaturation and reannealing kinetic techniques (C 0 t-1) (Martins 2007) for the isolation of the enriched fraction of repetitive DNA. Genomic DNA was obtained from muscle tissues of Belostoma dentatum by phenol/chloroform extraction, fragmented by autoclaving for 10 min, denatured at 95 °C for 10 min and reannealed at 65 °C for 10 min. The sample treatment with S1 nuclease occurred at 37 °C for 8 min and freezing was accomplished with liquid nitrogen. We assessed the quality of the treated samples by agarose gel electrophoresis. The fragments were cloned with pMOSBlue Blunt-Ended Cloning Kit (Sigma-Aldrich ® ) with competent E. coli Dh10b cell lines. The obtained clones underwent sequencing on an automatic sequencer (ABI 3500 XL Applied Biosystems ® ). Cleaning DNA sequences, establishing the quality of the sequences, and building contigs was performed using the Phred-PhrapConsed software. The consensus sequence of the pBd_11 clone was compared to other sequences deposited in the GenBank database using the BLAST tool (http://www.ncbi.nlm.nih.gov/blast).
Fluorescence In Situ Hybridization
We conducted fluorescence in situ hybridization (FISH) following the procedure described by Pinkel et al. (1986) . The pBh18S_c2 clone containing a partial sequence of 18S rDNA from B. horvathi and probes of the sex chromosomes and repetitive DNA portion (C 0 t-1) were labeled with Digoxigenin-11dUTP by nick translation (Dignick translation Roche). The slides were treated with 50 µL of hybridization mix containing 7.5 μL of the labeled probe, 30 µL of 50% formamide, 12 µL of 50% polyethylene glycol, 16 µL of 20 × SSC. Denaturation of chromosomes was performed in 70% formamide at 70 °C for 4 min in a water bath, and hybridization was conducted for approximately 16 h at 37 °C in a humidified chamber. For detection, we used 1 µL of anti-Digoxigenin rhodamine in 49 µL of 5% BSA. After post-detection wash, the slides were mounted with 25 µL DABCO, 3 µL DAPI, and 3 µL 50 mM MgCl 2 . All images were acquired with a Leica DM 4500 B microscope equipped with a DFC 300FX camera and Leica IM50 4.0 software, and optimized for best constrast and brightness with the iGrafx Image software.
Results
The analyzed species displayed 4 different karyotypic formulae: (i) B. horvathi, with 2n = 14 + XY ( Figure 1b) ; (ii) Belostoma cummingsi, with 2n = 22 + XY ( Figure 1f ); (iii) B. dentatum, Belostoma elongatum, and Belostoma discretum presented 2n = 26 + X 1 X 2 Y (Figure 2b , f, j); and (iv) Belostoma testacopallidum, with 2n = 26 + X 1 X 2 X 3 Y (Figure 3b ). Data from conventional analyses of the species Belostoma candidum and Belostoma dilatatum were published by Bardella et al. (2012) , with 2n = 14 + XY (Figure 1j ), and 2n = 26 + X 1 X 2 X 3 Y (Figure 3f ), respectively. All species showed holokinetic chromosomes and chromosomal sex systems, with autosomal bivalents arranged in a ring in metaphase I, and univalent sex chromosomes inside the ring (Figures  1-3) . In diplotene/diakinesis, all species presented 1 or 2 chiasmata per bivalent and sex chromosomes were achiasmatic in the species B. dentatum, B. elongatum; B. discretum ( Figure 2a , e, i) and B. testaceopallidum ( Figure 3a ) showed a predominance of one chiasma per bivalent. The species B. horvathi (Figure 1a) , B. cummingsi (Figure 1e ), Belostoma candidulum (Figure 1i ), and B. dilatatum ( Figure 3e ) showed a predominance of 2 chiasmata per bivalent. In metaphase I, the autosomes showed similar size and the sex chromosomes exhibited one X chromosome slightly larger than the Y chromosome. In multiple sex determination systems, the X chromosomes were a little smaller than the Y chromosome. This pattern is repeated in all species, except for B. discretum, where a pair of rather small-sized autosomes (Figure 2i , j) never observed before, was detected.
The C-banding technique and analyses of the results obtained with base-specific fluorochromes revealed 2 distinct patterns for the species with simple systems: (i) B. horvathi (Figure 1c, d) and B. candidulum (Figure 1k , l) showed a CMA 3 + /DAPI − block in sex chromosomes, whereas the autosomes were completely neutral in both fluorophores; (ii) in B. cummingsi (Figure 1g, h) , almost all X chromosomes presented CMA 3 + /DAPI + blocks. Furthermore, we observed CMA 3 + /DAPI − blocks in an autosomal bivalent with size heteromorphism (Figure 1g ). Species with multiple systems also exhibited 2 patterns: (i) B. dentatum (Figure 2c, d) , B. elongatum (Figure 2g, h) , B. testaceopallidum (Figure 3c, d) , and B. dilatatum (Figure 3g, h (Figure 2k, l) . Thus, all species analyzed evinced 4 distinct heterochromatin distribution patterns.
FISH with C 0 t-1 probe revealed repetitive DNA coincident with heterochromatic DAPI + bands, in both species with simple and multiple sex systems, and X chromosome presented themselves totally marked while Y did not disclose hybridized blocks (Figure 3i, j) . Cloning and sequencing revealed that the 379 bp fragment contained in the pBd_11 clone had 108 bp corresponding to 100% similarity to a GT-rich microsatellite described in Salmo salar (access number: Y11447.1) deposited in GenBank (NCBI) (Supplement 1). The isolated 18S rDNA (pBh18S_c2, GenBank accession number: KU726737) showed 1037 bp, of which 999 bp were highly similar (95%) to the region of 18S described in Belostoma flumineum (GenBank accession number: AY252132.1) (Supplement 2). FISH with an18S rDNA probe revealed different markings on the chromosomes of the 8 species studied. According to the 18S rDNA location, it was possible to divide the species into 4 groups: (1) B. horvathi and B. candidulum, with a simple sex system, showed 18S rDNA clusters in sex chromosomes ( Figure 4a, b) ; (2) B. cummingsi, also with a simple system, presented one marking on a sex chromosome and another on an autosomal bivalent, where we could observe size heteromorphism ( Figure 4c) ; (3) species with multiple sex-determination systems (B. dentatum, B. testaceopallidum, B. dilatatum, and B. elongatum) showed a terminal cluster on one autosomal pair (Figure 4d , e, f); and (4) B. discretum, that showed a multiple sex system (X 1 X 2 Y) and one 18S rDNA block on 2 sex chromosomes, possibly one on X and one on Y (Figure 4g) . B. elongatum presented evident size heteromorphism of the 18S rDNA blocks, which can be observed at different stages (Figure 4h ). All species had 18S rDNA sites close to each other in interphase nuclei (Figure 4j-m) .
FISH using an X chromosome of B. horvathi, (the species of origin of the probe) in early pachytene showed a continuous and homogeneous marking throughout the heteropycnotic block corresponding to the X chromosome, and small discrete markings on other chromosomes (Figure 5a, b) . When hybridized during the early pachytene of a species with multiple sex systems, for example, B. dentatum, the probe showed discrete markings on some bivalents (Figure 5c, d ).
Discussion
Variations in Karyotype Formulae
The conventional analysis showed a karyotype formula of 2n = 14 + XY in B. horvathi and B. candidulum; 2n = 22 + XY in B. cummings; 2n = 26 + X 1 X 2 Y in B. dentatum, B. dilatatum, B. elongatum, and B. discretum; and 2n = 26 + X 1 X 2 X 3 Y in B. testacopallidum. Karyotype formulae found are in agreement with the literature (Papeschi and Bidau 1985; Papeschi 1991 Papeschi , 1992 Papeschi and Bressa 2006; Chirino et al. 2013) , which make evident the occurrence within family Belostomatidae of 2n = 4 in Lethocerus sp. (Chickering 1927 (Chickering , 1932 and 2n = 30 in species of Belostoma (Bardella et al. 2012) . Concerning B. cummingsi, the karyotype formula 2n = 22 + XY, described in this article, shows a cytotype different from that reported by Papeschi and Bidau (1985) , with 2n = 26 + X 1 X 2 Y. This divergence may be related either to chromosome changes between populations, or to misidentification, since the species are very similar and difficult to classify. The species B. horvathi and B. testaceopallidum, lack these data, and karyotype formulae found had previously been described in other species of the genus ( Table 1) .
The ancestral karyotype proposed for the genus Belostoma is 2n = 26 + XY. However, due to several simploidies and agmatoploidies, other karyotypes in the group have arisen (Bardella et al. 2012; Chirino and Bressa 2014) . According to this hypothesis, the diploid number in B. discretum, B. dentatum, and B. elongatum (26 + X 1 X 2 Y) would have arisen from an agmatoploidy event, whereby the ancestral of the X chromosome underwent fragmentations, and became a common diploid number for the group (Papeschi and Bressa 2006; Chirino et al. 2013) , among others. A second agmatoploidy event may have given rise to the karyotype of the species B. testaceopallidum (26 + X 1 X 2 X 3 Y) and B. dilatatum (Bardella et al. 2012 ). However, B. cummingsi (22 + XY) and B. horvathi (14 + XY) may have experienced simploidy events, giving rise to their karyotypes. The same applies to B. candidulum (Bardella et al. 2012) and Belostoma micantulum (Papeschi and Bressa 2006) . Thus, the occurrence of agmatoploidies and simploidies would have been the main events related to the evolution of the genus. The presence of holokinetic chromosomes may be the primary factor influencing chromosomal variations within the group (Ueshima 1979; Jacobs 2004; Bardella et al. 2013 ). Simploidy and agmatoploidy are among the principal mechanisms of karyotype evolution in organism that have holokinetic chromosomes (Guerra 1988; Papeschi and Bressa 2006) and can be considered a common, frequently recurring event. When a holokinetic chromosome undergoes agmatoploidy, the resulting fragments start to operate as independent chromosomes. Thus, such events may be most commonly encountered in the group rather than simploidy.
According to Papeschi and Bressa (2006) , one conspicuous feature in the Heteroptera group is the high chiasma frequency in bivalents. B. discretum, B. dilatatum, B. dentatum, B. elongatum, and B. testaceopallidum follow this chiasma distribution pattern. However, B. cummingsi, B. candidulum, and B. horvathi had a higher frequency, exhibiting 2 chiasmata by bivalent. Autosomal bivalents usually have a terminal chiasma and are oriented with their long axes parallel to the polar axis at metaphase I, thus segregating reductionally at metaphase I and equationally at metaphase II. Autosomal bivalents with 2 terminal chiasmata may behave in 2 different ways: (a) One chiasma is released first, and an axial position is obtained; or (b) alternative sites with kinetic activity become functional, and telokinetic activity is not observed (Mola and Papeschi 1993; Papeschi et al. 2003; Papeschi and Bressa 2006) . Chromosomes with 2 chiasmata are ring-shaped and have greater difficulty in connecting the spindle fibers. Thus, the number of chiasmata can influence the segregation of autosomes (Papeschi et al. 2003) . As the presence of 2 chiasmata per bivalent may lead to the activation of alternative binding sites along the spindle fibers, chromosomes usually possess fragile sites susceptible to breaks (Kasahara 2009 ). These fibers could be associated with the fragile site of the chromatids, thus favoring chromosome breakage. B. cummingsi, B. candidulum, and B. horvathi showed low chromosome numbers and most often 2 chiasmata per bivalent, strengthening the proposition that the ancestral karyotype has a low diploid number and has undergone successive agmatoploidy events. Given that the occurrence of agmatoploidy is more favored than the occurrence of simploidy event and that species with a lower diploid number presented two chiasmata, we suggest that agmatoploidy is the main event related to the variation in the diploid number in Belostomatidae. Contrary to predictions, lower diploid numbers would be considered basal for the genus.
Heterochromatin, Microsatellite, and 18S rDNA
Studies on the heterochromatin distribution pattern show that Heteropterans have blocks located both in terminal and interstitial regions (Ituarte and Papeschi 2004; Bardella et al. 2012) , as corroborated by the findings for all species analyzed herein. According to Papeschi and Bressa (2006) , the comparison between DNA content and heterochromatin shows that the amount of heterochromatin changes during the evolutionary process, and species with a small chromosome number are also characterized by having a small DNA portion, possibly due to a scarcity of heterochromatin. Our study on B. horvathi, B. candidulum, and B.cummingsi corroborate the above propositions, whereby species with fewer chromosomes have less heterochromatin compared to species with higher chromosome numbers. Besides being an excellent cytogenetic marker, heterochromatin produces various genetic effects. Its presence can promote stable epigenetic variations in heredity and evolution and can silence genes inserted into or near the heterochromatic regions (Shin et al. 2005) . For example, it may act directly on the control of vital functions and genetic pairing of sex chromosomes (Peacock et al. 1978 ). Significant losses of heterochromatic regions can cause serious damages to the organism (Silver-Morse and Li, 2013; Saksouk et al., 2015) . Thus, evolutionary processes involving the loss of heterochromatin cannot be favorable, exposing the nuclear DNA to physical damages, causing cellular senescence and death (Villeponteau, 1997; Filesi et al., 2002) . The results of this study, along with the existing data, enable us to propose that heterochromatinization mechanisms that occur in other insect groups are also involved in the evolution of the group (Rocha et al. 2015) . If we consider the heterochromatinization events, our results diverge from those proposed by Chirino et al. (2013) . Therefore, species with the largest diploid chromosome number are not likely to be ancestors. Conversely, species with lower diploid numbers and less heterochromatin in their chromosomes are prone to become ancestors of the recognized species.
Fluorochrome analyses revealed 4 groups of karyotypes based on their heterochromatin distribution pattern. The analysis of repetitive DNA by the C 0 t-1 fraction, consisting mostly of microsatellites similar to GT-rich microsatellite described in Salmo salar, showed that heterochromatin contained a greater quantity of this repetitive DNA. This are the most common type of dinucleotide repeats in mammalian (Beckman and Weber, 1992) and also in nematodes (Otsen et al., 2000) . In species with a small amount of heterochromatin, this microsatellite can also be evidenced, but in smaller numbers. Moreover, this sequence was not observed on the Y chromosome in any sex system. These data confirm the occurrence of heterochromatinization processes (spreading) in the genus and that the accumulation of repetitive sequences in chromosomes is leading to karyotype differentiation within the species, constituting an important event in the evolution of the group.
Hybridization with an 18S rDNA probe also revealed the formation of 4 groups (1-4) according to the location of this sequence. In Belostoma, the 18S rDNA clusters are found exclusively on simple sex chromosome systems, and autosomes on multiple chromosome sex systems (Chirino et al. 2013; Chirino and Bressa 2014) . In the case of groups 1 and 3, our data are consistent with those reported in different species of the genus. However, for groups 2 and 4, those data differ from those described so far.
The DNA distribution in different groups shows that some species studied in this article may be undergoing genetic events, such as transpositions or translocations between sex and autosomal chromosomes, leading to the change in position of the 18S rDNA sequence. This change of position may be favored by its usual distal location, since this is a more dynamic chromosomal region that facilitates the dispersion of this segment throughout the genome (Schweizer and Loidl 1987; Cabral-De-Mello et al. 2011 ). This repositioning is well documented in the genus Cicindela, Latreille, 1802, where translocations between autosomes and sex chromosomes occurred. Hence, the presence of the rDNA sites on sex chromosomes may then be explained, not only by chromosomal rearrangements, such as fusions, but also by gene transpositions/translocations (Galián et al. 2007) . Moreover, the proximity of the 18S rDNA hybridization signals in interphase nuclei in all species supports this hypothesis. The presence of such sequences in the same nuclear territory facilitates the occurrence transposition events that may involve translocation between chromosomes.
In B. elongatum, the 18S rDNA blocks presented size heteromorphism, which can also be evidenced by CMA 3 staining. This difference may be ascribable to variations in the number of copies of the rRNA gene as described in various organisms (Bressa et al. 2008; Bardella et al. 2010 ). Bardella et al. (2013) suggest an association with mechanisms of amplification (duplication) or unequal crossingover. The difference between the specimens of B. candidulum studied here, and another population of the same species was worth noting. Chirino and Bressa (2014) analyzed an Argentine population of the species B. candidulum, which showed a diploid number of 2n = 12 + XY with a much larger autosome than other chromosomes, different from the population analyzed herein, which has a diploid number of 2n = 14 + XY (Bardella et al. 2012) . As reported by Bardella et al. (2012) and Papeschi (1992) , the Argentine and Brazilian populations of B. dilatatum also showed karyotypic formulae with different sexdetermination systems, showing diploid numbers of 2n = 26 + X 1 X 2 Y and 2n = 26 + X 1 X 2 X 3 Y, respectively. The present data are the first report on the rDNA location in these species and revealed their subterminal location on an autosome bivalent.
Karyotype Evolution in Belostoma
In view of the extensive karyotype diversity in the genus Belostoma, Chirino et al. (2013) , gathered all data available for the group and formulated a hypothesis of karyotype evolution in Heteroptera. In this case, an ancestral karyotype with a 2n = 26 + XY with a NOR on a pair of autosomes would have given rise to other karyotypes of the group through successive simploidy and agmatoploidy events. For the construction of this hypothesis, we analyzed the location of 18S rDNA genes and could observe 2 distribution patterns. The first pattern displays this sequence on the sex chromosomes, where species have a simple sex-determination system. The other pattern presents the 18S rDNA gene on a pair of autosomes, where species have a multiple sexdetermination system. According to this hypothesis, the karyotypes of the first group would have been formed by successive simploidy events between autosomes and sex chromosomes of the ancestral karyotype, which led to the reduction in the chromosome number, increase in the chromosome size, and relocation of the 18S rDNA site in sex chromosomes. Chirino and Bressa (2014) proposed that the ancestor karyotype has reduced heterochromatin amounts, a characteristic karyotype maintained in a reduced number of chromosomes. The second group includes species that had their karyotypes formed by 1 or 2 fragmentations of the ancestral X chromosome, forming X 1 , X 2 , and X 3 of the new karyotypes, which are smaller than the ancestral chromosome.
However, in this article 2 species analyzed do not fall into any of the groups proposed above by Chirino et al. (2013) and Chirino and Bressa (2014) : B. discretum, which showed 2n = 26 + X 1 X 2 Y with terminal rDNA clusters on two sex chromosomes (on X and Y); and B. cummingsi which presented 2n = 22 + XY with 2 18S rDNA terminal blocks on a sex chromosome and a terminal block on an autosomal bivalent. The data in the literature and those obtained in this study suggest a new proposal for the evolution of the genus Belostoma, based on cytological characters. As agmatoploidy events are probably favored by the particular life cycles of the species, they are easier to occur, therefore prevailing over simploidy. Furthermore, heterochromatinization mechanisms are more favorable than the loss of heterochromatin (Grewal and Jia 2007, Silver-Morse and Li 2013) . On these grounds, we propose that an ancestral with a low diploid number, simple sex system, NOR on the sex chromosomes, and a small amount of heterochromatin may have given rise to the existing karyotypes by different events (Figure 6) .
The autosomes present in karyotypes with 2n = 14 + XY may have undergone simploidy (Event A) while the other karyotypes may have experienced agmatoploidy (Event B). The movement of 18S rDNA (translocation and/or transposition) might have formed the karyotype observed in B. cummingsi (Event C). Heterochromatinization might have originated other karyotypes (Event D), whose autosomes Chromosomal diversity observed in the genus along with the wide variation in the sex chromosomes can be confirmed with the chromosome painting of the X chromosome in species with simple sex system. When hybridized with its species-specific DNA fragment, the probe of the X chromosome from B. horvathi obtained by microdissection presented homogeneous markings on the heteropycnotic block corresponding to the X chromosome in interphase cells, confirming the correct isolation of the X chromosome. When hybridized with the cells of B. dentatum, the probe of the X chromosome did not show any conspicuous markings on sex chromosomes, but only discrete markings on bivalents, similar to those described in W chromosomes of Lepidoptera of the family Pyralidae (Vítková et al. 2007 ). This lack of homology between the X chromosomes may reflect its evolution, since the microdissected chromosome comes from a species with a simple sex-determination system. Multiple sex-determination systems usually originate from a simple system through chromosome fissions forming new chromosomes (Chirino and Bressa 2014) .This evolutionary process may have caused changes in sex chromosomes, justifying the lack of similarity among them.
The integrated analysis of the different cytogenetic tools used in this paper shows that the genus Belostoma has a considerable karyotype plasticity. Events related to agmatoploidy and simploidy were fundamental for the evolution of the genus. Notwithstanding, other types of chromosomal mutations, such as translocation and transpositions of 18S rDNA sites, unequal crossing over, and heterochromatinization processes were essential for its modification. Our data provide a basis for the proposal of a new mode of karyotype evolution bringing into light new evidence that the species of this genus are subject to the action of different mechanisms of change, which have a significant impact on karyotype evolution.
Supplementary Material
Supplementary data are available at Journal of Heredity online.
Funding
This work was supported by Conselho Conselho Nacional de Desenvolvimento Científico e Tecnológico-CNPq (444746/2014-5).
